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OBJECT 


To  present  a  preliminary  discussion  of  the  penetration 
mechanisms  involved  in  oblique  impact,  with  reference  to 
,the  various  factors  involved. 


SUMMARY 


The  problem  of  oblique  impact  penetration  of 
armor  is  analyzed  in  the  following  way,  based  on  extensive 
examination  of  impacts;  A  distinction  is  first  made 
between  low  obliquity  and  high  obliquity  impn.u.-  A  low 
obliquity  impact  is  characterized  by  the  rejection  of  the 
projectile  in  incomplete  penetrations  in  a  Erection 
approximately  reversed  to  the  incident  trajectory.  In 
high  obliquity  impacts,  a  rejected  projectile  ricochets  m 
a  consic  =-rably  different  direction..  The  distinction  has 
practical  importance  in  naval  practice,  corresponding 
effectively  to  the  cases  of  side  armor  penetration  and  deck; 
armor  penetration  by  projectiles  respectively- 

The  mechanism  of  low  obliquity  impacts  is 
shewn  experimentally  to  be  more  complicated  than  normal 
obliquity  in  that  the  mere  application  of  a  factory  sec  9 
is  inadequate  to  extend  the  normal  results  to  the  new 
obliquity,  A  detailed  examination  is  made  of  the  forces  on 
the  nose  of  the  impinging  projectile  end  the  resulting 
yawing  motion  during  the  penetration. 

For  high  obliquity  penetrations,  a  discussion 
of  the  steps  in  the  cycle  is  given  and  qualitative  criteria 
for  penetration  are  suggested.  x 
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I.  INTRODUCTION: 

In  a  previous  report  (reference  (1)}  a  theory 

was  presented  covering  the  penetration  of 
by  uncapped  projectiles  at  0  ooliquity.  Addition  - 
mental  data  and  a  discussion  of  the  importance  Ox  friction  as 
a  factor  in  penetration  resistance  are  given  in  referen  (~J. 
Summaries  of  references  (l),and  (2)  are  given  in  A^penai^A. 
While  a  considerable  advance  m  our  understanding  of 
imnact  has  been  made  in  these  reports  and  in  reports  ori¬ 
ginating  elsewhere  (see  bibliographies  of  references  (1) 

(2 } )  they  do  not  deal  with  the  case  of  primary _ practical 
interest,  namely,  oblique  impact ;  _  Tais  report  is  a  _ 

preliminary  discussion  of  the  suoject,  o.e^Cx ibin^  * 
mens  observed  and  discussing  tne  mechanics  of  oblique  pena 
tretion.  A  complete  empirical  stuay  of  oblique  P®net  • 
by  uncaoped  solid  shot  will  be  presented  in  a suosequonu 
report,  and  will  be  followed  by  a  similar  study  lor  capped 
projectiles . 

When  the  obliquity  is  0°  the  mechanics  of 
penetration  takes  its  simplest  form  because  of  the  symmetry 
of  the  stresses  acting  within  the  armor  plate _ and  upon 
projectile.  In  oblique  impact  the  situation  is  complicated 
by  the  existence  of  unbalanced  lateral  stresses  which  pro  u 
a  complicated  yawing  motion  of  the  projectile  as  It  p~  . 
through  a  plate,  so  that  in  general  it  emerges  from  the  back 
of  the  plate  with  a  different  direction  of  potion  a. n 
different  orientation  than  immediately  before  ^he  impa 

Tv;o  cases  may  be  distinguished,  which  will  be 
denoted  as  low  obliquity  and  high  obliquity  impact*  xie 
.  distinguished  feature  of  these  two  types  ^  impact  is  t hut  in 
the  so-called  low-obliquity  impact,  a  projectile  fired  at  a 
velocity  insufficient  to  penetrate  the  plate  will  be  rejected 
more  or  less  in  the  reverse  direction  to  the  direction 
attack,  while  in  the  high-obliquity  case  a  projectile  f-.cd 
at  a  velocity  insufficient  to  penetrate  the  plate  wi 
ricochet,  in  a  direction  given  roughly  by  vhe  optical  law  of 
reflection-!. e. ,  the  angle  of  reflection  ^qua^s  the ‘-ngl- 
Incidence.  The  experienced  ballistician  will  at  once 
recognize  that  the  obliquity  at  which  the  transition  between 
the  two  mechanisms  of  below- limit  behavior  occurs  will  v^y 
with  plate  thickness,  projectile  shape,  and  ty' 

The  relation  between  plate  hardness  and  projectile  hardne 
will  bo  important,  as  is  shown  in  very  striking  fashion  in 
reference  (3),  Figure  9»  This  figure  illustrates  an  experi¬ 
ment  in  which  a  series  of  projectiles  of  hardnesses  ranging 
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A  thin  plate  dishes  in 
a  manner  decreasing  the 
effec  five  obliquity . 


This  and  succeeding  -fig¬ 
ures  show  the  penetration 
cyc/e  in  thick  C/qss  E>  plate 


•# 


from  Rc  45  to  Rc65  were  fired  at  xixed  striking  velocities 
and  obSiquitiesat  a  very,  thick  plate  ol  Bhiv  155.  The 
harder  projectiles  passed  through  the  piste;  those  ol 
intermediate  hardness  were  stopped  inside  the.p-aoe,  but 
still  headed  through  it,  while  the  softer  projectiles  ^ 
ricocheted  after  penetrating  into  the  ."‘late  to  various  aepths. 
The  ricochet  was  evidently  due  to  deformation  of  the .proje 
tile  nose,  which  produced  the  same  effect  on  the  projectile 
'S  an  increase  in  obliquity. 


Plate  thickness  will  also  be  an  important 
determining  factor  in  differentiating  ricochet  from  rebound. 

If  the  elate  dishes  ahead  of  the  projectile,  who  effect  will 
bo  to  decrease  the  effective  obliquity  and  inhibit  ricochet, 
(See  Fig,  1 ) .  As  thin  plates  dish  ..lore  on  impact  than  do  thick 
plates  '"it  is  no  bo  expected  that  ricochet  will  set  in  at 
lower  obliquities  for  thick  plates  than  for  thin  ones. 

Because  of  the  number  of  variables. that  affect 
the  onset  of  ricochet,  it  is  not  oractic- ole  to  giv^  any 
general  rule  determining  the  critical  obliquity  as  a  function 
of  say  c/d.  However,  service  conditions  delimit  two  general 
types  of  imeact  condition;  vertical  armor  on  ships  approxi- 

"  cannot  he  penetrated  at  the 


mates  caliber  thick  .ess 


.nd 


actual  velocities  occurring  at  battle  range 


4- 
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obliquities  over  30c 


while  dvCk  and  other  horizontal  armor 


presents  e/d  values  from  around  0.25  to  0.35,  v^tia  slSn^" 
f leant  oblicuitios  ranging  from  about  40u  upwards  for  attack 
by  gunfire,  ‘and  from  15°  downwards  for  attack  by.AP  bombs. 

It  follows  that  low  obliquity  attack  will  be  of  interest  over 
the  entire  range  of  e/d,  and  is  not  likely. to  approach  he 
critical  obliquity,  while  high  obliquity  firing  will  be  of 
interest  primarily  at  values  of  e/d  of  0,35  or  less  end  at 
obliquities  definitely  in  the  ricochet  range.  The  division 
between  low  and  high  obliquity .  impact  in  this  rooor#t  conforms 
to  the  general  conditions  outlined  aoove. 


II 


LOW  OBLIQUITY 


1,  The  Observational  Data 

Inspection  of  many  impacts,  both. complete  and  in¬ 
complete  penetrations,  and  of  the  projectiles  making  the 
impacts,  shows  that  when  a  projectile  v/hica-is  not  too  b  runt 
strikes  a  homogeneous  plate  at  a  low  obliquity,  a  fairly 
definite  sequence  of  operations  occurs*  This  is  best  illus¬ 
trated  by  Figure  2,  which  shows  the  penetration  cycle  at  a 
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striking  velocity  just  sufficient  for  complete  penetration. 

For  reference,  the  initial  oosition  of  the  projectile,  at  the 
instant  of  contact  with  tho  plate,  is  shown  by  the  netted  out¬ 
line  in  each  diagram  of  Figure  2.  It  is  to  be  notea  that 
the  trajectory  of  the  center  of  gravity,  as  well  as  the  path 
of  the  point  of  the  projectile  is  initially  upward,  the 
general  tendency  being  for  the  projectile  to  travel  parallel 
to  its  axis,  as' the  position  of  the  axis  changes  under  the 
action  of  the  torques  set  up  by  the  un symmetrical  pressures  on 
the  projectile.  The  general  upward  motion  of  the  projuc  1 
is  shown  bv  the  failure  of  the  body  or  base  of  the  projectile 
to  completely  obliterate  the  mark  originally  made  by  the. nose 
of  the  projectile  at  point  (*}  in  Figure  2D,  the  mark  being 
recognized  by  its  small  radius  of  curvature;  elementary  mech¬ 
anical  condiderations  confirm  this  result. 

As  the  projectile-nose  approaches  the  back  of  ttm 
Plate  (Figure  2  B 8cC)  the  static  term  in  the  pressure  on 
the  upper  part  of  the  nose  will  be  tho  full  yield  stress  of 
the  plate,  while  on  the  lower  part  of  the  nose,  confronted 
only  by  a  bending  petal,  the  pressure  will  be  This 

unbalanced  pressure  will  tend  to  force  tne  nose  o.L  the  pro¬ 
jectile  down  (towards  the  normal  to  the  plate),  ana  the  pro¬ 
jectile  emerges  from  the  back  of  the  plate  at  a  considerably 
lower  obliauity  than  the  obliquity  of  impact .  As  tho  projec¬ 
tile  turns  toward  the  normal,  the  body  "nd  base  must  enlarge 
the  hole  in  the  plate  in  order  to  make  th<-  turn,  and  a.savero 
strain  on  tho  base  occurs  whicn  may  result  in  tho  tearing 
off  of  the  base.  This  docs  not  seem  to  involve  any  cc5n- 
sic*  enable  amount  of  friction,  os  studies  like  those  of  re-  — 
eronce  (2)  show  that  frier  ion  is  very  small  in  oblique  impacts 
cs  v/ell  as  in  normal  impacts. 


As  the  striking  velocity  is  increased  to  successive 
values  above  the  limit  velocity,  the  yawing  motion  ox  the . 
projectile  in  its  passage  through  the  plate  is  decreased  m 
omolitudo ,  and  the  trajectory  is  less  refracted  in  passage 
through  tho  plate,  so  thpt  at  a  very  high  striking. velocity 
the  projectile  . merges  from  tho  back  of  the  plate  m  almost 
its1  original  direction,  and  with  very  little  yaw. 

YJhon  plate  thickness  and  obliquity  provide  a  sevoro 
test  of  tho  projectile,  failure  to  penetrate  may  bo  ac= 
compardod  by  projectile  breakage.  This  may  be  overcome  by 
a  moderate  increase  in  velocity,  when  tho  projectile  pene¬ 
trates  intact,  except  possibly  for  base  damage. 


It  is  well  known  that  at  0°  obliouity,  the  residual 
energy  of  the  projectile  after  a  complete  penetration  is  a 
linear  function  of  the  striking  energy. 

%  =  s(es-el), .  (1) 

where  the  slope  ranges  from  about  0. 90  for  plate  of  somewhat 
over  caliber  thickness  to  about  1.10  for  the  thinnest  plates. 
The  theoretical  i  plications  of  this  law  are  developed' in 
reference  (4);  additional  material  is  given  in  reference  (1). 


l"h  the  case  of . oblique  impacts,  the  relation 
between  residual  and  striking  energy  is  more  complicated 
than  at  0  .  Figure  4  displays  a  tyoical  plot,  for  a  3n  A.P. 
projectile  vs.  11*36  STS  at  35*  obliquity.  To  el  imina te 
partially  the  effect  of  small  variations  in  plate  thickness 
projectile  mass,  and  obliquity  from  round  to  round,  the  plot 
is  actually  one  of  Pr2  vs.  F .  where 

3/2°  1/2  1/2 


=  (12) 


Fr 


3/2  1/2  1/2 

\  1 2 )  m  VR  cos  Q/  e 


For> constant  e,m,  and  Q  it  is  clear  that  F-2  and  FR2  will  be 
strictly  proportional  to  Eq  and  Eq  respectively,  it  will  be 
observed  that,  starting  at  the  limit  F2  of  158x107,  the 
graph  has  a  slope  of  about  1.24;  the  curve  is  then  slightly 
concave  downward,  until  it  becomes  a  straight  line  of  slope 
0.8S  at  about  1.36  times  the  limit  F2. 

At  points  'where  a  residual  energy  graph  has  a 
slope  greater  than  unity,  energy  absorption  decreases  v/ith 
increased  striking  energy,  end  vice  versa  where  the  slope  of 

r? Lg???h  less.th^  unity.  Thus,  it  is  clear  that  in  the 

Cc so  illustrated  m  Figure  3  energy  absorption  by  the  plate 
decreases  at  iirst  as  the  striking  velocity  is  raised  above 
the  limit  velocity;  this  phenomenon  is  associated  with  the 
decreasing  amplitude  of  the  yawing  motion  of  the  projectile 
;  ip i  passes  through  the  plate  at  higher  and  higher  striking 
yeioc.ti08,  A  minimum  energy  absorption  occurs  at  the  point 
Jh205  JhJ07lope  of  thQ  ^aph  is  unity  -  i.e.,  at  about  Fg2 

^  SQt  oP  empirical  data  on  the  variation 

seauPrttFrpS2^1C1ffi^  with  obliquity  is  reserved  for  a  sub¬ 
sequent  report.  As  stated  m  reference  (1),  it  has  been 

•  ‘  r~  *  »  * 
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established  that  the  Unit  energy  is  a  linear  function  of 
plate  thickness  at  obliquities  up  to  about  30  0 1  As  an 
illustration  of  this,  Figure  A  is  presented  showing  a  plot 
of  mVj2/d’3  vs.  e/d  for  the  3”  APK79  solid  shot  at  30°  obli¬ 
quity.  The  0°  line  is  shwon  for  comparison.  The  M-79,  being 
a  solid  shot,  experiences  comparatively  little  body  deformation 
in  oblique-  impacts;  common  shell  suffer  more  body  deformation 
at  the  higher  values  of  e-/d,  with  a  consequent  rise  in  the 
limit  energy,  as  illustrated  by  Figure  5,  which  is  a  graph  of 
mViA/ci^  vs.  e/d  for  the  6"  Common  Mk.  27  at  30°  obliquity. 

It  will  be  notud  that  while  the  graph  is  reasonably  straight 
up  to  about  e/d  =  0.6,  it  curves  up  sharply  beyond  that  value 
of  o/d. 


a  plate  _ 
thickness 


On  the  assunotion  that  the  increase 
in  an  oblique  impact  J.s  due ^meyely.t 


of  metal ‘measured 


along 


the  imtia 


! 


d  resistance  of 
the  increased 
trajectory  or 


the  projectile,  the  limit  energy  at  30°  would  be  obtained 
from  that  at  0*  by  multiplying  the  0°  energy  (for  each  e/d) 
by  sec  30°.  Lino  A  of  Figure  A  shows  the  result  of  such  a 
multiplication;  it  is  clear  that  at  30°  the  M-79  docs  not  obey 
this  simplest  possible  lav  for  oblieue  impacts.  Lino  B 
corresponds  to  an  F-cocff ici^nt  constant  with  9.  Inspection 
of  Figure  A  is  sufficient  to  show  that  the  limit  energy  is 
not  proportional  to  any  simple  power  of  sec  9,  and  that  the 
mode* of  variation  of  the  limit  energy  with  9  varies  with  e/d. 


2 ,  Theory  ox  low-obliquity  penetration.  The 

theoretical  considerations  sot  forth  here  are  of  a  preliminary 
nature,  the  complexity  of  the  problem  precluding  anything 
like  a  complete  solution  at  tills  time. 

If  the  projectile  passed  undevioted  through 
the  plate,  it  would  bo  reasonable  to  expect  the  limit  energy 
at  obliquity  9  to  b,  to  the  limit  energy  at  0°  as  sec  9. 

The  complicated  yawing  motion  of  the  projectile  during  pene¬ 
tration  causes  marked  deviations  from  this  rule,  as  suggested 
by  Figure  A.  -As  noted  above,  the  yawing  motion  is  decreased 
in  amplitude  by  increasing  the  striking  velocity  above  the 
limit  velocity*  with  an  accompanying  decrease  in  the  energy 
absorbed  by  tho  plate.  This  can  be  understood  if  it  can  be 
shown  that  the  yawing  torque  does  not  increase  too  rapidly 
with  increased  striking  velocity,  so  that  any  increase  in 
torque  is  more  than  offset  by  a  decrease  in  the  time  during 
which  it  acts,,  with  a  consequent  reduction  in  the  total  yaw 
developed. 
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Calculation  of  tho  yawing  torque  is  simplif ied 
by  our  knowledge  of  the  fact  that  as  friction  is  negligible, 
tho  forces  over  the  plate-projectile  boundary  are  everywhere 
normal  to  tho  surface  of  the  projectile.  Tho  calculation  is 
complicated,  however,  by  our  knowledge  of  the  fact  that  tho 
kinetic  nature  of  armor  penetration  with  its  consequent 
inertial  effects  will  result  in  a  non-uniform  distribution  of 
pressure  ov^-r  the  noSv  of  tho  projectile. 

The  elements  that  enter  into  a  calculation  of 
the  yawing  torque-  may  bw  presented  by  considering  first  a 
highly  idealized  penetration ,  and  modifying  it  step  by  stop 
to  bring  it  into  closer  relation  with  an  actual  e^n^trat ion. 
Imagine  first  r  proie utile  .ntering  a  thick  plate  without  yaw, 
with  no  extrusion  occurring  around  the  nose  of  the  adv  incing 
projectile,  so  th<t  the  plate  surface  remains  piano  (Figure 
6A).  Judging  bn  hardness  patterns  for  .incomplete  penetrations 
(reference  (2))  the  notarial  in  immediate  contact  with  tho 
projectile  nose  will  h„v.  a  practically  uniform  yield- stress, 
so  that  disregarding  in.rtiai  affects  for  who  moment,  tho 
pressure  on  the  ogiv>„  should  bo  about  tho  sonic  at  all  points. 

As  in  a  problem  in  hydrostatics,  the.-  ,  tho  uniform  pressure 
P  over  the  surface  of  tit.  pro jeotil^-noso  embedded  in  tho  plate 
(S)  is  equivalent  in  its  effects  to  the  sane  pressure  acting 
normal  to  tho  area  A  of  tho  section  of  tho  projectile  by  the 
piano  of  the  faco  of  the  plat.-.  Tho  resultant  force  F  is  thus 
of  magnitude  pA,  is  r.orrnl  to  the  piano  of  the  plate,  and 
passes  through  tho  center  of  area  of  A,  Tho  torque-arm  L  of 
tho  force  F  about  G,  tho  center  of  mass  of  the  projectile, 
will  evidently  vary  os  sin  9,  and  ’.<111  decrease  almost  linearly 
with  depth  of  penetration,  while  A  will  increase  with  depth  of 
penetration,  first  v^ry  rapidly,  and  then  more  slowly,  the 
exact  details  depending  upon  the  shape  of  the  ogivo. 

As  tho  projectile  yaws  under  tho  influence  of 
tho  torque  duo  to  tho  forcu  F,  as  shown  in  Figure  2,  the  angle 
Q  between  tho  plate  normal  end  the  projectile  axis  will  tend 
to  increase,  and  us  A  end  L  increase  with  9,  the  yaw  is,  so 
to  speak,  s^lf-g^norc ting. 

Several  considerations  enter  tho  picture  to 
modify  this  process,.  Tho  upward  motion  of  tho  point  of  the 
projectile  will  plow  up  a  spur  from  the  faco  of  tho  plate,  as 
well  as  producing  some  extrusion  of  plate  material  all 
around  tho  impact.  As  is  apparent  from  Figure  2B,  the 
extrusion  of  material  around  tho  projectile  tends  to  restore 
tho  symmetry  of  tho  forces  acting  upon  the  projectile.  This 
symmetrical  extrusion  will  tend  to  offset  tho  increase  in 


torquo  due  to  the  developing  yaw  of  the  projectile,, 


If  the  path  of  the  point  of  the  projectile 
mercus  a  considerable  angle  with  tBh  projectile  axis,  the 
inertial  terms  in  the  expression  for  the  pressure  on  the 
projectile  will  be  unsymetrical ,  giving  greater  pressure: 
above  the  nose  than  below. 


The  pressure  over  the  ogive  will  certainly  not 
be  uniicrm  in  any  case ,  being,  because  of  the  inertial  terms 
gr-ct^st  5u  t ho  point  and  falling  off  aft  along  the  projectile 
nose.  a his  isct  lie  modify  the  theorem  previously  advanced 


on  the  calculi- ti 


thu  yawing  torque 


case  of  r.on- uni  form  pressure,  it  will  bo 


mo  dual  with  the 
on ven ient  to  divide 


the  eiuoudd.ee.  auric co  cl  t no  projectile  nose  into  two  carts 


bl  °2  l*-«.uru  6B > >  separated  by  the  section  B,  which  is 
normal  tc  was  of  cik  projectile.  S-  is  then  symmetrical 

about  the  axis  oi  ti.e  projectile,  end  the  pressure  uoon  it,  if 


s;rminotrec^l,  w .ri  1 1  produce  an  cxi.  1  force  Fi  which,  passin 

tbrnnxT1!  t.hn  r.  nt.  r  nf*  r.nee  n  *■  «  A-?  _ _  j.._ 


taro ugh.  the  Cunt„r  of  moss  G  of  projectile,  produces  no 
o  or  quo .  The  suctions  A  and  B  and  the  3urfx.ee  S2  together 
comprise  a  closed  surface,  -whose  vector  representative  is 
zero.  Thus,  thu  j.  o  suit  ant  oi  the  vector  Pocrosentatives  of 
A  nnd  B  U^kon  in  the  inward  sense)  is  the  cquilibrant  of  the 


vector  r opr e s^n ting  the  surf:  cc  S2.  Thercf oroTTT  a  umrorn 
pressure  * _ acts  over  S2,  the  resultant  of  the  outward  vectors 
and  Fg  is  the  resultant  force  on  S2,  wheru  TA  and 


F 


B 


B.  As  Fg  is  an  axial  fore.,  it  contributes  nothing  to 


*  J  - -  r>  -  <*•  u-  iiUL/ 

the  torquo  on  the  projectile.  If  the  variation  of  or 

_  -  ft  *  .  _  -4. 


:.ure 


ovor  Sg  is  negligible ,  Wu  aru  led  to  the  same  method  for 
ce leu luting  the  yawing  torques  os  in  the  case  of  uniform  pres¬ 
sure,  except  tint  thu  pressure  ?  is  not  now  the  ores  sure  ov,.r 
chu  x  nt  ire  unbuddud  purt  01  the  ogive,  but  t  ii  ...  average  pres¬ 
sure  on  32,  which  is  smaller  then  the  moan  ores sure  over  the 
Sp  and  S2  together. 


Tew,  if  one  considers  a  particular  striking 
velocity,  while  the  pressure  is  concentrated  near  the  ooint 
of  the  projectile,  thu  point  is  ineffective  in  producing 
yt. wing  torquu  boc..use  oi  thu  small,  embedded  arcs  5  the  orossurc 
used  in  calculating  the  torquo  falls  off  with  depth  of" 
ponotrotion,  but  the  rapid  growth  in  area  A  nrosumably  off¬ 
sets  this.  Next,  suppose  the  striking  velocity  to  be'"  in¬ 
creased;  the  pressure  will  be  still  further  concentrated  at 
the  point  of  the  projectile,  but  this  increased  Drossuru  wj  11 
bo,  as  before,  r  lstively  ineffective  in  producing  torque.* 

On  the  other  hand,  the  pressure  will  be  still  further  reduced 
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farther  bad-:  along  the  ogivo,  whore  it  is  most  import -nt  in 
producing  torque.  There  seems  to  be  no  reason  to  oxp.ot  any 
important  increase  in  moan  tor  quo  wit  n  increased  striking 
velocity,  end  as  the  torque  will  act  for  a  snorter  time  m  ,no 
higher  velocity,  a  decrease  in  the  yaw  developed  is  to  d 
G  3C  j  ")  C  C  "t  C  Ci  • 

It  has  been  noted  that  when  conditions  of  im- 
n-co  aro  severe,  failure  of  projectiles  to  penetrate  may  bo 
associated  with  projectile  breakage,  and  that  a ^ small  increase 
in  velocity  will  prevent  projectile  breakage  ana  insure 
t^'tion.  As  the  nrojoctilo  evidently  fails  due  to  bonding 
stresses  induced  by  the  t or  quo-producing  xorcos  on  tho  no-*, 
and  r.  snail  increase  in  velocity  can  prevent  breakage,  it  io 
concluded  that  tho  ya  wing  tor  quo  is  decreased  by  ,.n  incr.oso 

in  striking  velocity. 

Tn  nrrcticc  the  pressure  will  probably  npt  bo 
uniform  over  So,  bliLng  r'i  The  average  less  b -low  the  axis  of 
the  projectile  than  abrve,  due  to  tho  asymmetry  01  the  area, 
so  that  in  Figure  6B  tu-  tor quo -producing  force  is  bettor 
represented  by  F  than  by  Note  that  F  does  not  originate 

at" the  geometrical  cent  or  of  A,  but  at  the  center  of  area  ^ 
determined  by  weighting  the  elements  of  area  in  accordance 
with  tin  distribution  of  pressure  on  S2. 

To  recapitulate:  In  the  initial  stages  of  an 
oblicuo  impact  the  torque  on  tho  projectile  at  any  instant 
is  approximately  equal  to  that  which  woula  be  produced  by 
a  uniform  pressure  over  the  section  of  the  projocti-c  by  tho 
plane  of  the  Plata.  Tho  orientation  and  area  of  he  seCuion 
win  be  modified  by  extrusion  of  material  from  the  xc.co  of  bhc 
plate  around  the  advancing  projectile.  Furthermore,  the 
pr~ssuim  will  depart  somduhet  from  uniformity,  so  thet  the 
torquo-producine  force  has  a  lino  of  action  p^ng  between  the 
pinto  normal  and  the  projectile  axis  (cf.  F  in  Figure  bBj, 
and  does  not  pass  through  tho  geometrical  center  of  the  sec¬ 
tion.  The  pressure  is  greatest  around  the  point  of  the 
projectile  and  falls  off  aft,  and  in  calculating  tn.  torque 
tho  significant  pressure  on  the  projectile  is . that  uxound  ho 
entrance  of  tho  hole  in  the  plate,  so  that  this  pressure  fails 
off  as  tho  depth  of  penetration  increases and  has  a  distri¬ 
bution  over  depth  of  penetration  which  varies  with  the 
striking  velocity.  The  phenomena  of  projectile  breakage  ^ 
suggest  a  decrease  in  maximum  torque  (and  presumably  m  mean 
torque)  with  increased  striking  velocity .  The  decrease  in 
amplitude  of  yaw  which  occurs  as  the  striking  Velocity  is 
increased  above  th-:  •  imit  velocity  is  correlated  with  the 
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shortened  time  during  which  the  yawing  torque  can  act,  and 
possibly  with  the  decrease  in  mean  torque  suggested  bj  the 
study  of  projectile  breakage. 

It  is  s  striking  fact  that  against  plates 
which  at  normal  obliquity  give  an  increase  in  energy  absorp¬ 
tion  with  an  increase  in  striking  velocity  above  uhc  limit, 
the  energy  absorption  decreases  with  an  increase  m  striking 
velocity  at  any  considerable  obliquity .  This  decrease  in 
energy  absorption  is,  as  previously  noted  associated  with 

the  docruaso  in  yawing  motion  at  velocities  ubovo  tho  limit. 
Presumably  the  yawing  motion  executed  by  passage  of  the 
oro i ectiic  through  the  plate  results  in  the  working  of  a 
greater  volume  of  metal  than  in  a  simple  unywwod  penetration. 
It  foil  tvs  that  any  alteration  in  .projectile  design  which 
wLm  -  It  in  e  decrease  in  the  vow  generated  during  pone- 
t?  tionPhiuld  decr°?sS  tho  limit  energy,  other  things  being 
oquai  This  is  a  point  to  which  further  J of oronco  will  bo 
made  in  the  section  on  high  obliquity  impact. 

The  discussion  given  here  deals  primarily  with, 
the  c-so  of  a  plate  thick  enough  not  to _ dish  appreciably  upon 
i mix" ct  As  pointed  out  in  connection  with  Figure  1, 

uSy^otrlccl  dishing  of  «  thin  pinto  o round  the  impact  will 
have  -r  effect  equivalent  to  lowering  tnc  obliquity,  oO  that 
the  onergy  required  for  penetration  of  =  thin  pinto 


should  increase  more  slowly pith  obliquity  than  for  a  thick 
This  is  on  agreement  with  Figure  4,  v'xiore  the  limit 
enAg;  graph  dotor.sinod  experimentally  crosses  the.  lino  A. 
Another  difference  between  the  penetration  oi  ohicx  u.na  of  _ 
thin  plates  lies  in  the  fact  that  with  thin  plates  the  point 
of  the  projectile  will  emerge  from  the  back  before  the 
bourrelot  inters  the  face  of  tne  plate,  bringing  into  play  a 
sot'  of  torque-producing  forces  tending  to- counteract  thoou 
which  operate  at  the  face  of  the  plate* 

From  the  many  factors  which  enter  in.  to  the 
problem,  it  is  clear  that  the  calculation^ of  the  yawing 
torques  and  of  the  yaw  generated  in  any  penetration  is 

an  exceedingly  intricate  problem,  ms  _  an  lustration  of 
the  influence  of  some  of  the  factors  invobtt,  c.n  idOv-.li  e 
case  is  given  in  Appendix  B,  whoro  the  yawing  torque  xs  cal¬ 
culated  for  a  projectile  with  a  conical  nose  experiencing 
uniform  pressure  as  it  penetrates  into  a  thick  plate  wnoso 

face  remains  piano. 
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trom  round  to  round. 


Ill 


HIGH  OBLIQUITY 


The  values  of  e/d  which  are  of  interest  in 
what  is  considered  the  high-obliquity  range  ore  relatively 
low.  When  a  relatively  thin  plate  is  struck  at  a  high  obli¬ 
quity  (e.go,  e/d  =  0.125,  ©  -  45°)  the  mechanism  of  impact 
appears  to  bo  entirely  different  from  the  mechanism  at 
lower  obliquities  (9  05°).  Roughly  specking,  over  the 
greater  part  of  the  velocity  range  one  of  two  things  will 
happen,  namely  either  (1)  the  projectile  posses  through  the 
plate  with  a  high  residual  velocity  and  in  almost  the  original 
direction  or  (2)  the  projectile  ricochets  from  tho  plate  with 
a  high  residual  velocity,  tho  angle  of  departure  from  tho 
nlatc  being  roughly  equal  to  the  obliquity  of  impact.  Figure 
7  is  c  graph  of  residual  energy  vs.  striking  energy  for  a  rauhe 
roue li'j:.- ed  3!l  projectile  (tho  uncapped  3,?  .AP  Type  A)  vs.  3/8n 
modified  STS  at  43°;  because  of  the  nosu  shape,  this ^ projectile 
ricochets  at  a  somewhat  lower  obliquity  than  more  pointed  pro¬ 
jectiles.  It  will  bo  observed  that  there  is.  a  narrow  range # of 
striking  energies  where  tho  energy  absorption  is  high,  and  in 
which  tho  limit  velocity  is  found.  This  typo  of  graph  is 
typical  of  all  high-obliquity  studies. 


At  this  obliquity  a  lucky  shot 
the  plate.  At  higher  obliquities  (e.g. ;60° 
very  unusual  to  liavo  a  projectile  sticK  in  the  pi 


may  stick  in 
end  75°),  it  is 


’to.  In 


id 


n oar-limit  ricochet  the  projectile  plows  deeply  into  the  plate, 
gradually  yawing  so  as  to  turn  with  its  axis  parallel  to  tho 
plate;  tho  plate  may  be  split  open  along  a  line  parallel  to 
tho  axis  of  the  projectile.  Sometimes  this  split  continues 
to  open  up  after  the  projectile  has  passud  by  oven  opening  up 
to  a  width  of  more  than  a  caliber,  although  tho  projectile  has 
ricocheted.  There  is  considerable  evidence  to  show  that  at 
tho  limit,  tho  projectile  is  likely  to  penetrate  tho  plate  base 
first,  and  plow  a  long  hole  in  the  plate,  before  dropping 
through. 

It  is  possible  that  tho  existence  of  a  limit  is 
in  a  certain  sense  fortuitous  —  that  the  main  mechanism  is 
due  to  a  normal  forco,  tending  to  deflect  tho  projectile;  if 
this  forco  is  insufficient,  tho  projectile  breaks  through  with 
little  deflection,  and  makes  a  small  hole.  In  tho  ricochet 
region,  the  projectile  gradually  revolves  about  a  transverse 
axis  parallel  to  tho  plane  of  tho  plate,  sliding  along  tho 
surface  in  such  c.  way  as  to  remain  parallel  to  the  surfaco,  _ 
which  is  deformed  as  the  projectile  slides  on  it  (Figure  8), 

In  tho  intermediate  zone,  where  tho  base  brooks  through,  the 
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projectile  plows  through  the  plate  sideways,  and  is  gradually 
brought  to  rest.  It  is  only  in  this  case  that  a  force  is 
applied  of  the  necessary  amount  and  direction  to  bring  the 
projectile  to  rest;  in  the  other  cases  the  force  is  either 
insufficient  or  acts  in  the  wrong  direction  to  stop  the 
projectile . 

Then  a  projectile  strikes  o  thin  plate,  pushing 
forv’  rd  the  material  with  which  it  is  in  contact,  the  plastic 
deformation  is  propagated  outward  from  the  impact.  The  x^c-tu 
of  propagation  of  this  plastic  deformation  is  much  less  than 
that  of  an  elastic  wave,  and  may  bo  comparable  with  that  of 
the  projectile.  At  the  low  velocities  necessary  to  penetrate  - 
thin  armor  at  high  obliquities,  it  is  possible  that  fchu 
velocity  cf  propagation  of  the  plastic  deformation  may  exceed 
that  or' the  projectile. 

Assuming  this  to  be  the  there  would  be 

a  certain  critical  striking  velocity  for  the  projectile;  below 
this  striking  velocity,  thu  deformation  of  the  plate  would 
travel  along  Oho  plate  ahead  of  the  projectile,  in  such  a  way 
as  to  maintain  a  high  obliquity  at  the  point  of  contact* 

Above  this  striking  velocity,  the  projectile  would  bo  traveling 
faster  than  the  deformation,  so  /that  the  dishing  of  the  plate 
would  lowur  the  effective  obliquity  at  the  point  of  contact, 
end  the  projectile  will  "bite".  Investigation  of  this 
hypothesis  would  seem  to  offer  0.  promising  field  for  photo- 
graphic  study.  If  the  hypothesis  should  bo  verified,  it  might, 
be  desirable  to  investigate  those  properties  which  control 
the  rate  of  propagation  of  plastic  deformations,  for  an  in** 
crosSu  in  that  rate  obtained  without  loss  of  otnor  esuontiul 
properties  in  the  armor  should  servo  to  raise  the  limit 
velocity. 


The  shape  of  the  projectile  is  an  exceedingly 
important  factor  in  determining  its  effectiveness  at  high 
obliquities,  although  this  is  a  factor  as  yet  only  partially 
explored*  To  take  the  most  extreme  c  so,  a  flat-nosed  pro¬ 
jectile  will  penetrate  a  plate  of  quarter  caliber  thickness 
at  en-  obliquity  of  60*  at  velocity  loss  than  half  that  re¬ 
quired  for  a  projectile  with  a  conventional  5/3  -  caliber 
‘ogive  (reference,  (5))»  In  this  case  the  projectile  neatly 
punches  a  clean  hole  in  tho  plate,  producing  a  negligible 
deformation  in  the  material  around  the  hole.  As  compared,  with 
more  conventional  projectiles,  the  reduction  in  the  voluno  ol 
metal  plastically  worked  (because  of  the  elimination  ox  trio 
dished  area)  accounts  for  the  groat  reduction  m  tne  limrc 

energy. 
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To  toko  a  loss  extreme  casw,  c.  capped  projectile 
with  a  broad  cap  having  a  sharp  shoulder  on  it  is  more  affec¬ 
tive'  than  n  capped  projectile  with  a  small  cap  or  with  a . 
rounded  cap  (reference  (6)).  Data  with  uncapped  projectiles 
at  high  obliquities  ore  unf ortunatcly  too  meager .to  permit  a 
full  analysis  of  the  effect  of  noso  shape,  but  similar  rela¬ 
tions  soon  to  hold  -  broad,  angular  noses  Tfbito”  better  and 
result  in  low or  limits  at  high  obliquities  than  do  the  nose 
shapes  usually  used  on  uncapped  projectiles. 

Inspection  of  complete  penetrations "at  high  obl¬ 
iquity  indicates  that,  as  at  low  obliquity,  the  projectile 
experiences  es  initial  yawing  torque  tending  to  increase  the 
obliquity.  The  boundary  between  ricochet  and  penetration  is 

nrobnb'  /  determined  byjn  delicate  ’or.lanco  bo  two  on  the  rate  of 
$aw  anditho  rate  of  deformation  of  the  plate.  A  noso  shape 

tending  to  decrease  the  rate  of  yaw  ir.  the  initial  stages 
of  ol  iquo  impact  would  favor  ”biting:'  of  the  plate,  and ^  (other 
things  being  equal)  should  result  in  a  lower  limit  velocity. 

To  give  the  most  extreme  example  again, . the  flat-nosed  pro¬ 
jectile  very  probably  experiences  an  initial  righting  torque  - 
i.e.,  g  torque  tending  to  turn  it  towards  the  plcto  normal, 
rather  than  away  from  it  (figure  8D). 


—  12  — 


APPEKDIZ  A. 


1.  SUMMARY  OF  NPG-  REPORT  NO,  1-43  (Reference  1) 


Certain  experimental  laws  of  penetration  of 
homogeneous  armor  at  0°  obliquity  are  presented,  and  theo¬ 
retical  interpretations  are  derived.  In  particular: 

(a)  In  the  penetration  of  thick  plates  (e/d  0,3)  the 
quantity  is  a  linear  function  of  e/d.  This 

law  is  explained  by  Bethe’s  expanding-hole  theory, 
modified  to  take  account  of  the  formation  of  petals 
on  the  back  of  the  plate. 

b)  In  the  penetration  of  thick  plates,  if  the  residual 
energy  Ep  is  plotted  as  a  function  of  the  striking 
energy  Eg,  a  straight  line  results  with  a  slope  of 
about  one.  For  a  thick  plate  the  slope  of  this 
line  i3  less  than  unity;  trials  against  a  series 
of  progressively  thinner  plates  give  slopes 
increasing  as  e/d  decreases.  These  observations 
are  explained  v^hen  one  considers  the  dynamic 
nature  of  projectile  penetration;  if  the  force 
with  which  the  plate  resists  the  projectile 
increases  linearly  with  the  projectile  energy,  the 
observed  results  follow.  The  slopes  majr  be 
calculated  quantitatively  by  an  extension  of 
°  Robertscnfs  version  of  the  Poncelet-Morin  theory. 

(c)  In  the  penetration  of  thin  plates  (e/d  0,3),  the 
predominant  mechanism  of  failure  is  the  bending 
back  of  plate  material  around  the  hole,  comparable 
to . the  bending  of  the  petals  on  the  back  of’  a 
thicker  plate,  This  mechanism  leads  to  a  quadratic 
variation  of  with  e/d,  which  is  in  fair 

agreement  with  experiment.  In  this  thin-plate 
theory,  stretching  and  dishing  are  not  included; 
they  are  relatively  unimportant  at  the  upper  end 
of  the  thin  plate  range,  but  contribute  the  bulk 
of _ the  energy  absorption  in  the  thinnest  plates, 
which  lack  the  stiffness  to  abosrb  much  energy  by 
bending. 
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The  major  axis  of  rhe  el/ip- 
Wco/  *«c^7  ^  +*•  projectile  by  the  plane 

of  rhe  plate  is  HK ,  of  ’wngth 
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APPENDIX  B. 


TAPING  TORQUE  IF  AN  IDEAL  CASE 


Consider  a  projectile  of  radius  rQ,  with  a 
conical  noso  of  length  k,  so  that  the  noso  has  c,  soni- 
aporturo  given  bjr  ton  y  ~  r0/h.  Lot  this  projectile  make 
an  ideal  penetration  at  obliquity  ©  into  a  very  tin  cm  piste, 
the  face  of  which  is  assumed  to  remain  plane.  Imagine  the 
pressure  to  be  uniform  over  the  embedded  protion.of  the  noso. 
Then  the  theorem  developed  in  part  II  (2)  (See  Figure  6A ) 
applies,  i .  o , ,  the  force  on  the  projectile  is  the .  same  ns 
that  duo  to  a  uniform  pressure  normal  to  the  section  of  the 
projectile  nose  by  the  piano  of  the  plate. 

If  ec  is  tlia  depth  of  penetration  measured >  from 
the  point  of  the  projectile  along  the  projectile  axis  (ligure 
9),  it  is  found  by  uleaent'dry^goamotry  that  the  area  cf  the 
elliptical  section  is: 

t,  ..  n  /..J _ . .  . 


4'  h 


A’  l 
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The  center 'of  this  section  will  rot  lie  on  the  axis  of  the 
projectile,  but  upon  a  straight  line  passing  somewhat  below 
the  axis,  as  shown  in  Figure  9.  For  a  cone  of  small  aperture, 
this  discrepancy  may  b-.  neglected.  Then,  if  k  is  the  distance 
form  the  point  or  the  projectile  to  G,  its  corner  of  mass, 
the  ter  quo-arm  L  of  the  force  F  is  given  by 

L  -  ( k-x )  sin  ©. 

If  the  pressure  on  the  projectile  noso  is  P,  the  force  on 
the  projectile  is  F  =  PA,  and  the  torque  about  G  is 


T  P  (  i  Jt)  t>«  »»2  vb  ton  0 
V  !  -  i  ui  r-, si/  tw  t  \  U  ) 
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Even  in  this  simplified  case  it  is  clear  that  calcul  tion  of 
the  equations  of  motion  would  bo  exceedingly  intricate, 
although  useful  approximate  calculations  would  be  feasible 
for  small  values  of  0. 
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This  result  nay  be  compared  with  Part  V  of 
reference  (3),  whore  the  torque  is  proportional  to  the 
resistance  function  R  and  to  sin  9.  In  equation. (B2)  apov^, 
the  resistance  to  the  projoctilo  is  PA,  where  A  is  obtuined 
from  (Blj,  The  principal  difference  betwoon  the  result  given 
here  and  that  of  reference  (3)  is  t*hc  introduction  of  an 
exolicit  form  for  A  and  of  the  variable  factor  (k-x). 

Under  the  simplified  conditions  assumed  in  this 
calculation,  equation  (32),  together  with  the  two  force 
equations „ 

F  =  -  pA  cos  9,  ) 
x  )  -  -  -  -  (B3) 

Fy  =  +  PA  sin  9,  j 

could  bo  used  to  determine  the  motion. 

It  is  to  be  noted  that  the  formula  (B2)  will 
fail  at  the  instant  when  the  bourrelet  enters  the  plate. 
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